Mononuclear phagocytes play an important role in the removal of apoptotic cells by expressing cell surface receptors that recognize and remove apoptotic cells. Based on the knowledge that cigarette smoking is associated with increased lung cell turnover, we hypothesized that alveolar macrophages (AMs) of normal cigarette smokers may exhibit enhanced expression of apoptotic cell removal receptor genes. AMs obtained by bronchoalveolar lavage of normal nonsmokers (n 5 11) and phenotypic normal smokers (n 5 13; 36 6 6 pack-years) were screened for mRNA expression of all known apoptotic cell removal receptors using Affymetrix HG-U133 Plus 2.0 microarray chips with TaqMan RT-PCR confirmation. Of the 14 known apoptotic receptors expressed, only MER tyrosine kinase (MERTK), a transmembrane tyrosine kinase receptor, was significantly up-regulated in smokers. MERTK expression was then assessed in AMs of smokers versus nonsmokers by TaqMan RT-PCR, immunocytochemistry, Western analysis, and flow analysis. Smoker AMs had up-regulation of MERTK mRNA levels (smoker vs. nonsmoker: 3.6-fold by microarray, P , 0.003; 9.5-fold by TaqMan RT-PCR, P , 0.02). Immunocytochemistry demonstrated a qualitative increase in MERTK protein expression on AMs of smokers. Increased protein expression of MERTK on AMs of smokers was confirmed by Western and flow analyses (P , 0.007 and P , 0.0002, respectively). MERTK, a cell surface receptor that recognizes apoptotic cells, is expressed on human AMs, and its expression is up-regulated in AMs of cigarette smokers. This up-regulation of MERTK may reflect an increased demand for removal of apoptotic cells in smokers, an observation with implications for the development of chronic obstructive pulmonary disease, a disorder associated with dysregulated apoptosis of lung parenchymal cells.
MER receptor tyrosine kinase (MERTK), a 110-kD transmembrane protein member of the receptor tyrosine kinase family of cell surface receptors, plays a role in the clearance of apoptotic cells (1) (2) (3) (4) . The MERTK gene is normally expressed on mononuclear phagocytes, dendritic cells, retinal pigment epithelial (RPE) cells, and reproductive tissue (5) (6) (7) (8) . In mice, deletion of MERTK results in delayed clearance of apoptotic cells and development of autoimmune disease (1, 9, 10) . In humans, mutations in MERTK result in retinitis pigmentosa, a disease characterized by a defect in the RPE phagocytosis pathway, where the RPE cells are unable to ingest the shed apoptotic tips of photoreceptor cells (11) (12) (13) (14) .
In the lung, the clearance of apoptotic cells is the normal function of alveolar macrophages (AMs), the monocyte-derived pulmonary representative of the mononuclear phagocyte system (15) (16) (17) (18) . Because phagocytosis of apoptotic cells by mononuclear phagocytes invokes an array of receptors on the phagocyte that interacts with bridging molecules and cell-specific ligands on the apoptotic cells, the control of expression of apoptotic receptors on the phagocyte plays an important role in the clearance of apoptotic cells in the lung (19) (20) (21) (22) (23) . Based on the knowledge that AMs from normal cigarette smokers are defective in the phagocytosis of apoptotic bronchial epithelial cells, together with a concomitant reduction in expression of some of the known apoptotic cell removal receptors (24) , and that blood monocytes express MERTK (5), we asked the questions: (1) is MERTK expressed on human AMs, and (2) is the expression of MERTK modified by cigarette smoking? The data demonstrate that MERTK is expressed in AMs. Interestingly, the expression of MERTK is significantly upregulated in AMs of smokers compared with nonsmokers, as assessed at the mRNA level by microarray and TaqMan RT-PCR, and at the protein level, as assessed by immunocytochemical staining, Western blot, and flow analysis. Similarly, AMs from smokers with chronic obstructive pulmonary disease (COPD) have increased expression of MERTK, as assessed by TaqMan RT-PCR and immunocytochemical analysis. Interestingly, this has functional consequences, as blocking the AM MERTK receptor in normal nonsmokers and normal smokers results in decreased clearance of apoptotic cells.
In the context that there is more cell turnover in smokers and individuals with COPD (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) , the observation that MERTK is up-regulated and functional in the AMs of smokers may reflect several important findings. It may reflect not only an increased demand for removal of apoptotic cells but also an effort to compensate for the lack of up-regulation or dysfunction of other apoptotic cell removal receptors which would ultimately decrease the inflammatory burden in the lungs of smokers.
MATERIALS AND METHODS

Study Population
Normal nonsmokers, healthy smokers, and smokers with established 
CLINICAL RELEVANCE
The observation that MER receptor tyrosine kinase (MERTK), an apoptotic cell removal receptor on alveolar macrophages, is up-regulated may reflect an increased demand for removal of dying cells and this, in turn, has implications for the development of chronic obstructive pulmonary disease.
in the study. Normal nonsmokers and normal smokers were determined to be phenotypically normal on the basis of clinical history, physical examination, routine blood screening tests, urinalysis, chest X-ray, electrocardiogram, and pulmonary function testing. Current smoking status was confirmed by history, venous carboxyhemoglobin levels, and urinalysis for levels of nicotine and its derivative, cotinine. Smokers with established COPD were defined according to Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria (35) . Individuals who met the inclusion criteria underwent flexible fiberoptic bronchoscopy and bronchoalveolar lavage (BAL) to obtain AMs.
Collection of Alveolar Macrophages and Bronchoalveolar Fluid
Fiberoptic bronchoscopy was performed to obtain human AMs by BAL using methods described previously (34, 36) . The total volume used per site was typically 100 ml, and a maximum of three sites were lavaged per individual. Recovery of the infused volume ranged from 45 to 65%. BAL fluid was filtered through gauze to remove debris and mucus and then centrifuged at 1,200 rpm for 5 minutes at 48C. Cells were washed twice in RPMI 1,640 containing 10% FBS, 50 U/ml streptomycin, and 2 mM glutamine (Invitrogen, Carlsbad, CA) and plated in six-well tissue culture plates (2 3 10 6 in 2 ml/well). After overnight adherence at 378C in a 5% CO 2 , humidified incubator, nonadherent cells were gently removed. Cell viability was estimated by Trypan blue exclusion and expressed as a percentage of the total cells recovered. Total cell number was determined by counting on a hemocytometer. Differential cell count was assessed on sedimented cells prepared by cytocentrifugation (Cytospin 3; Shandon Instruments, Pittsburgh, PA) stained with DiffQuik and performed by counting 500 cells on each slide. Light microscopy was used to assess the morphological features of the cells, and all samples tested contained greater than 88% AMs before the overnight adherence and greater than 98% AMs after adherence. Cells not processed for RNA extraction were used for immunocytochemical, Western blot, and flow cytometry studies. BAL supernatant was also collected, concentrated 10-fold with Centricon Plus-20 centrifugal filter units (Millipore, Billerica, MA), and stored in 2808C until use.
RNA Extraction and Microarray Processing
Total RNA was extracted using TRIzol reagent (Invitrogen) followed by RNeasy (Qiagen, Valencia, CA) to remove residual DNA, yielding 2-4 mg RNA/10 6 cells. An aliquot of each RNA sample was run on an Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA) to visualize and quantify the degree of RNA integrity. A NanoDrop ND-100 spectrophotometer (NanoDrop Technologies, Wilmington, DE) was used to determine the concentration of RNA. Quality control criteria used to accept an RNA sample for further processing included: (1) A260/A280 ratio between 1.7 and 2.3; (2) concentration within the range of 0.2 to 6 mg/ml; and (3) Agilent electropherogram displaying two distinct peaks corresponding to the 28S and 18S ribosomal RNA bands at a ratio of 28S:18S of greater than 0.5 with minimal or no degradation. Double-stranded cDNA was synthesized from 3 mg of total RNA using the GeneChip One-Cycle cDNA Synthesis Kit, followed by cleanup with GeneChip Sample Cleanup Module, in vitro transcription reaction using the GeneChip IVT Labeling Kit, and cleanup and quantification of the biotin-labeled cRNA yield by spectrophotometric analysis (all kits from Affymetrix, Santa Clara, CA). Hybridizations to test chips and to the HG-U133 Plus 2.0 array (54,000 probe sets) were done according to Affymetrix protocols, processed by the Affymetrix GeneChip Fluidics Station 450, and scanned with an Affymetrix GeneChip Scanner 3,000 7G. To maintain quality, only samples hybridized to test chips with a 39:59 ratio of less than 3 were deemed satisfactory.
Microarray Data Analysis
Analysis was performed on Affymetrix HG-U133 Plus 2.0 microarrays. Captured images were analyzed using Microarray Suite version 5.0 (MAS 5.0) algorithm (Affymetrix). These data were normalized using GeneSpring version 7.3 software (Agilent Technologies) as follows: (1) per array, by dividing the raw data by the 50th percentile of all measurements; and (2) per gene, by dividing the raw data by the median expression level for all the genes across all arrays in a data set.
TaqMan RT-PCR Confirmation of Microarray Expression Levels cDNA was synthesized from 2 mg RNA in a 100 ml reaction volume using the TaqMan Reverse Transciptase Reaction Kit (Applied Biosystems, Foster City, CA) with random hexamers as primers. Two dilutions of 1:50 and 1:100 were made from each sample, and triplicate wells were run with each dilution. TaqMan PCR reactions were performed using premade kits from Applied Biosystems and 2 ml of cDNA was used in each 25-ml reaction volume. The endogenous control was 18S ribosomal RNA, and relative expression levels were determined using the DDC t method (Applied Biosystems), with the average value for the nonsmokers as the calibrator. The rRNA probe was labeled with VIC dye and the probe for MERTK labeled with FAM (6-carboxy fluorescein). The PCR reactions were run in an Applied Biosystems Sequence Detection System 7500, and the relative quantity was determined using the algorithm provided by Applied Biosystems.
Cell Lines
Rat RPE cells were kindly provided by Ching-Hwa Sung from the Department of Cell and Developmental Biology, Weill Medical College of Cornell University. RPE cells were maintained in Dulbecco's modified Eagle medium with 4% heat-inactivated FBS (Cellect Gold FBS), and incubated at 328C in 5% CO 2 .
The human Jurkat T cell line was obtained from the American Type Culture Collection (Manassas, VA) and cultured in RPMI 1,640 medium with 10% FBS, supplemented with glutamine, penicillin, and streptomycin, and incubated at 378C in 5% CO 2 .
Immunocytochemistry
The immunocytochemical procedure was performed on samples obtained by BAL cytocentrifugation followed by adherence of AMs to culture well dishes (37) . Alveolar macrophages were purified by allowing them to adhere to culture well dishes (3.5 3 10 4 ) for 2 hours, at 378C in a 5% CO 2 , humidified incubator. Any nonadherent cells were removed by washing with PBS. The slides were then fixed with 4% paraformaldehyde for 10 minutes, washed with PBS five times, and then blocked with 5% donkey serum for 20 minutes at 238C to inhibit nonspecific immunoreactivity. The slides were incubated overnight at 48C with the primary antibodies, goat polyclonal anti-human MERTK (anti-human mer; Santa Cruz Biotechnology, Santa Cruz, CA) and goat IgG isotype control (Jackson ImmunoResearch Lab, West Grove, PA) at a 1:50 dilution. Slides were rinsed three times in PBS and incubated with donkey anti-goat alkaline phosphatase at a 1:250 dilution (Jackson ImmunoResearch Lab). The DAKO New Fuchsin Substrate System (DAKO Corporation, Carpinteria, CA) was used to visualize antibody binding, and levamisole was used to inhibit any endogenous alkaline phosphatase activity. The slides were counterstained with hematoxylin (Sigma Aldrich, St. Louis, MO) and mounted using GVA mounting medium (Zymed, San Francisco, CA). Brightfield microscopy was performed using a Nikon Microphot microscope equipped with a Plan 403 numerical aperture 0.70 objective lens. Images were captured with an Olympus DP70 CCD camera (Olympus America, Center Valley, PA).
Western Analysis
Western analysis was used to quantitatively assess MERTK protein expression in AMs from normal nonsmokers and normal smokers. AMs were isolated on six-well culture plates as described above. The adherent cells were scraped in PBS, pH 7.4 and centrifuged at 3,000 rpm for 5 minutes at 48C, and the supernatant was discarded. Whole-cell lysates were prepared by homogenizing the cells with a cell lytic buffer and protease inhibitors (Sigma-Aldrich) on ice. The homogenate was then centrifuged at 10,000 rpm for 10 minutes at 48C and the supernatant containing the protein of interest was collected. The protein concentration of all supernatants was assessed using a Nanodrop ND-100 spectrophotometer (NanoDrop Technologies, Wilmington, DE).
In order to ensure equal protein loading of all gels, each sample was quantified and 20 mg of protein loaded in each lane of a 4-12% Nupage Bis-Tris gel (Invitrogen) after being mixed with NuPage LDS Sample Loading Buffer and reducing agent (Invitrogen). Protein electrophoresis was performed at 200 V for 1 hour at room temperature. Transfer of proteins to a polyvinylidene fluoride membrane (Invitrogen) was performed by electrophoresis at 30 V for 1 hour at 48C in a Bio-Rad Western blot apparatus (Bio-Rad, Hercules, CA). Membranes were then blocked for 1.5 hours in 0.1% PBS-Tween 20 (PBS-T) with 5% nonfat dried milk on a shaker at 238C. The anti-MERTK polyclonal antibody was used as the primary antibody at a 1:500 dilution, and the membranes were incubated overnight at 48C. The membranes were washed in PBS-T and then incubated with horseradish peroxidaseconjugated donkey anti-goat IgG antibody at a 1:5,000 dilution (Santa Cruz Biotechnology) for 1 hour at 238C, followed by further washing in PBS-T, and then visualization by enhanced chemiluminescence (ECL kit; GE Healthcare, Pittsburgh, PA) using Hyperfilm ECL (GE Healthcare). Immunoreactive proteins were measured quantitatively by inverting the digitally imaged film. The pixel intensity of each band was determined and the background pixel intensity for a negative area of the film of identical size subtracted using MetaMorph image analysis software (Universal Imaging, Downingtown, PA). The protein samples were assayed for GAPDH expression (Santa Cruz Biotechnology) as a control for equal protein concentration. Rat RPE cells served as the positive control.
Immunoprecipitation of GAS6 Ligand and Western Analysis of Soluble MER
Unconcentrated and concentrated BAL supernatant was incubated with anti-human GAS6 antibody (Santa Cruz Biotechnology) for 1 hour at 238C. Protein G-Sepharose beads (GE Healthcare) were added and complexes rocked for an additional 1 hour at 238C. Beads were collected by centrifugation and washed three times with cold 13 PBS and 0.02% Tween. Bound proteins were then subjected to protein electrophoresis similar to the method described above. Anti-human monoclonal MER antibody at a 1:1,000 dilution (Caveo Therapeutics, Aurora, CO) served as the primary antibody, whereas human serum served as the positive control (38) . The protein samples were assayed for albumin expression (Santa Cruz Biotechnology) as a control for equal protein concentration.
Flow Cytometry
Cells freshly isolated by BAL were used to analyze the surface expression of MERTK. CD68 served as the AM marker. Cells (10 6 ) recovered by BAL were washed in PBS containing 2% BSA and resuspended in PBS with 2% BSA and 10% inactivated human serum for 15 minutes at 48C to block nonspecific antibody binding. After incubation, the cells were stained with phycoerythrin-conjugated mouse monoclonal anti-human Mer or the control isotype mouse immunoglobulin (Ig) G (R&D Systems, Minneapolis, MN) for 30 minutes at 48C. Subsequently, cells were fixed and permeabilized with Cytofix/Cytoperm reagent (BD Biosciences, San Diego, CA) for 20 min, 48C, and washed twice with Perm/Wash solution. The cells were then incubated for intracellular staining with fluorescein-conjugated anti-human CD68 antibody and its isotype antibody control for 30 minutes at 238C (R&D Systems). All samples were prepared and analyzed with and without quenching with 0.2% crystal violet (1 min, 48C; Polyscientific, Bayshore, NY) to reduce autofluorescence (39) (40) (41) (42) . Cells were then washed, fixed with 2% paraformaldehyde, and acquired by a FACScalibur cytometer (BD Biosciences, Pharmingen, San Jose, CA) using Cell Quest software. A total of 10,000 events were collected for each sample. Flow cytometry data were analyzed with Flow Jo software (TreeStar, Ashland, OR). For analysis, a region was drawn to define AMs based on forward-and side-scatter characteristics and staining with CD68. All quadrants were set up according to matched isotype control antibodies. All results are reported as percentages of expression.
Induction of Apoptosis
Jurkat T cells were induced to undergo apoptosis by exposure to UV irradiation at 254 nm for 10 minutes (UV Stratalinker 1800; Stratagene, La Jolla, CA) followed by culturing the cells for 3.5 hours at 378C in 5% CO 2 before experiments. Percent apoptosis was determined by flow cytometry utilizing annexin V-fluorescein isothiocyanate and propidium iodide (BD Biosciences Pharmingen) and by evaluation of nuclear morphology under light microscopy. Flow cytometry revealed greater than 70% apoptotic Jurkat T cells, and these were used for the functional experiments. Jurkat T cells (live and apoptotic) were labeled with 5 mM green fluorescent marker 5-chloroethyl fluorescein diacetate (Cell Tracker Green CMFDA; Molecular Probes, Eugene OR).
Phagocytosis Assay
Human AMs were cultured in 12-well culture dishes at a concentration of 5 3 10 5 overnight at 378C in 5% CO 2 . The following day, labeled apoptotic Jurkat T cells were added to AMs for 30 minutes at a ratio of 10:1 (apoptotic cell: AM) at 378C in 5% CO 2 . For inhibition studies AMs were preincubated with monoclonal anti-human MERTK antibody (Caveo Therapeutics) for 30 minutes at a final concentration of 10 mg/ml before adding labeled apoptotic Jurkat T cells.
AMs were then washed three times with ice-cold PBS and briefly treated with 0.02% ethylenediaminetetraacetic acid (Invitrogen) to remove undigested Jurkat T cells before AMs were scraped from the plate. After removal, cells were treated with crystal violet as described in FLOW CYTOMETRY, and then analyzed by flow cytometry. Serum-free media and viable Jurkat cells were used as controls. Forward and sidescatter gates were set to include cells but exclude debris and unbound particles.
Flow cytometry was used to quantify the uptake of Celltracker Green labeled apoptotic cells into AMs. The data was normalized by using a phagocytic index given that there is individual to individual variability in the phagocytosis of apoptotic cells in nonsmokers and smokers. The phagocytic index was defined as the percentage of AMs containing apoptotic cells (% phagocytosis) multiplied by the mean fluorescence intensity of the cells.
Statistical Analysis
HG-U133 Plus 2.0 microarrays were analyzed using GeneSpring software. Statistical comparisons for microarray data were calculated using GeneSpring software and associated two-tailed t test assuming unequal variance. Average expression values for apoptotic cell removal receptor genes from AMs were calculated from normalized expression levels for nonsmokers and normal smokers. Fold change greater than 2.0 and P less than 0.05 was considered significant. TaqMan data for MERTK were normalized by dividing individual values by the median expression level of all values and, subsequently, the mean and SE were calculated for normalized values of expression. Statistical comparisons for categorical data was achieved using Chi-square test. All other statistical comparisons were calculated using a two-tailed t test, assuming unequal variance (Welch's t test).
Web Deposition of Data
All data has been deposited in the Gene Expression Omnibus (GEO) site, (http://www.ncbi.nlm.nih.gov/geo) curated by the National Center for Bioinformatics. The accession number is GSE8823.
RESULTS
Study Population
The study population of normal nonsmokers (n 5 11) and phenotypic normal smokers (n 5 13) had no significant prior medical history and a normal physical examination (Table 1) . Normal nonsmokers and normal smokers were similar with regard to age (P . 0.2), sex (P . 0.4), and self-reported ancestry (P . 0.2). All individuals were HIV negative, with blood and urine parameters within normal ranges. Normal smokers had an average smoking history of 36 (66) pack-years, with urine nicotine and cotinine and venous blood carboxyhemoglobin levels confirming current smoking status. Pulmonary function testing revealed normal lung function in both groups.
The smokers with COPD (n 5 7) had an average smoking history of 44 (62) pack-years and were classified according to the GOLD guidelines (Table 2 ) with pulmonary function tests demonstrating nonreversible post-bronchodilator reduced FEV 1 / FVC ratio (35) .
Sampling of Alveolar Macrophages
The total AMs obtained ranged from 1.0 to 3.2 3 10 6 for nonsmokers and 1.3 to 8.5 3 10 6 for normal smokers. On average, more AMs were recovered from normal smokers compared with normal nonsmokers (P , 0.01). Cell viability was, on average, 99% in BAL samples from both groups and cell differential counts were as expected (.90% AM), with no differences between normal nonsmokers and normal smokers (P . 0.05, all comparisons [ Table 1 ]). The total AMs obtained in smokers with COPD ranged from 5.3 to 18.2 3 10 6 , with an average cell viability of 89% and a cell differential count with a predominant AM population ( Table 2) .
Expression of Apoptotic Cell Removal Receptor Genes
To assess the expression profile of apoptotic cell removal receptor genes in AMs, a list of 14 known apoptotic cell removal receptor-related genes was compiled from the literature, including complement receptor (CR3), CR4, CD14, CD31, the thrombospondin receptor (CD36), CD44, CD93, integrin, a V vitronectin receptor (ITGAV), low-density lipoprotein-receptor related protein (LRP), oxidized low-density lipoprotein receptor 1, MERTK, macrophage scavenger receptor 1, phosphatidylserine receptor, and b2-glycoprotein I. Using an expression criteria of having Affymetrix Detection Call of ''Present'' in 50% or more of either nonsmoker or smoker samples, all of these apoptotic cell removal receptor genes were expressed in AMs in nonsmokers and smokers except b2-glycoprotein 1 (Table 3) .
Smoking-Related Changes in mRNA Levels
Of the 13 apoptotic cell removal receptor genes expressed, there were no significant differences in the relative gene expression levels among normal smokers compared with normal nonsmokers for most genes ( Table 3 ). The expression of one receptor, CD14, was mildly down-regulated in normal smokers (21.86-fold; P , 0.003). In contrast, the microarray survey showed that the expression of MERTK was significantly upregulated in normal smokers compared with normal nonsmokers (3.6-fold increase, P , 0.003; Figure 1A) .
In order to validate the results obtained from the microarray analysis, TaqMan RT-PCR was used to assess RNA samples from AMs of 7 normal nonsmokers and 10 normal smokers. The individuals used to perform TaqMan RT-PCR were the same individuals assessed by microarray. The TaqMan analysis demonstrated that there were no significant differences in expression levels of CD14 between normal smokers and nonsmokers (P . 0.05). In marked contrast, the TaqMan data confirmed that MERTK was significantly up-regulated in AMs of normal smokers compared with normal nonsmokers (9.44-fold increase, P , 0.02; Figure 1B ). On this basis, the study focused on MERTK expression. 
Definition of abbreviations: AM, alveolar macrophage; CO-Hb, carboxy hemoglobin; DL CO , diffusing capacity of carbon monoxide; TLC, total lung capacity.
Demographic characteristics of 24 subjects for whom microarray data was obtained; bronchoalveolar cell differentials at the bottom of the table represent the samples used to obtain the data for the 24 microarrays; all data are mean 6 SE.
* Venous carboxy hemoglobin, a secondary marker of current smoking; nonsmokers, ,1.5%. Demographic characteristics of seven individuals with COPD for whom TaqMan RT-PCR was performed; all data are mean 6 SE.
Smoking-Related Changes at the Protein Level
Immunocytochemistry was used to assess expression of MERTK on AMs cytopreparations obtained from nonsmokers and smokers ( Figure 2 ). MERTK was observed on the surface of AMs from nonsmokers and normal smokers, with qualitatively greater expression of MERTK at the protein level on AMs from normal smokers.
Western analysis was performed to quantitatively assess MERTK expression on AM whole-cell lysate samples from normal nonsmokers (n 5 5) and normal smokers (n 5 4). This analysis demonstrated that MERTK expression is significantly increased in smokers compared with nonsmokers (P , 0.007; Figure 3 ).
Due to autofluorescence of AMs, quenching with crystal violet was performed before assessment of protein expression by flow cytometry. In order to ensure that crystal violet did not interfere with MERTK detection, samples were analyzed from the same normal nonsmokers (n 5 7), with and without quenching. These data revealed no interference with MERTK expression (P . 0.05, data not shown). Flow cytometry analysis of MERTK expression on the surface of AMs demonstrated a higher level of expression in normal smokers (n 5 7) compared with normal nonsmokers (n 5 6). Although there was no difference in expression of the macrophage marker CD68 between normal nonsmokers and normal smokers (P . 0.05), there was an increased percentage of MERTK on CD68 1 AMs from normal smokers compared with normal nonsmokers (60% vs. 21%, P , 0.0002; Table 4 and Figure 4 ).
MERTK Up-Regulation in Individuals with COPD
Assessment of smokers with COPD (n 5 7; Table 2 ) by TaqMan RT-PCR analysis demonstrated a significant up-regulation of MERTK gene expression compared with normal nonsmokers (18-fold increase, P , 0.02; Figure 5 ). Immunocytochemical staining also revealed a greater expression of MERTK at the protein level ( Figure 6 ).
MERTK Plays a Role in the Uptake of Apoptotic Cells
Investigation of the phagocytic capacity of AMs demonstrated a significant decrease in the percent phagocytosis of apoptotic Jurkat T cells in normal smokers compared with normal nonsmokers, as shown by Hodge and coworkers (41) . The average percent phagocytosis of apoptotic cells in normal smokers was reduced compared with nonsmokers (70 vs. 83%; Figure 7A , representative of one individual from each group). Furthermore, the mean fluorescence intensity revealed a similar downward trend in smokers compared with nonsmokers (P , 0.01; Figure 7B ). Prior studies have established that the defect in the engulfment of apoptotic cells was due to a decreased expression of certain receptors involved in this pathway, and raised the possibility that targeted therapy to increase expression of AM recognition molecules may counteract this defect (24) .
The unexpected finding that MERTK was the only receptor up-regulated in normal smokers compared with normal nonsmokers was further investigated by competitive inhibition with anti-MERTK antibody. Incubation of AMs from normal nonsmokers and normal smokers with anti-MERTK antibody significantly reduced phagocytosis of apoptotic Jurkat T cells (Table 5 and Figure 7) . The reduction in the phagocytic index in normal nonsmokers between AMs treated with IgG control antibody versus anti-MERTK antibody was 70% (P , 0.002; Figure 7C ). Similarly, AMs of smokers treated with IgG con- Expression was assessed by Affymetrix HG U133 Plus 2.0 microarray; listed are all apoptotic cell removal receptor genes considered ''expressed'' based on the criteria of % present in > 50% samples of either normal nonsmokers or normal smokers. MERTK (in boldface) was the only apoptotic receptor most significantly up-regulated in smokers compared with nonsmokers. trol antibody versus anti-MERTK antibody exhibited a similar decrease of 82% in the phagocytic index (P , 0.007, Figure  7C ). Because UV does not render all Jurkat T cells apoptotic, viable labeled Jurkat T cells served as a control. When viable Jurkat T cells were added to AMs and analyzed by flow cytometry, there was no difference observed in phagocytosis as compared with AMs in serum-free media without incubation of Jurkat cells (data not shown). Interestingly, there was no significant difference in percent phagocytosis and the phagocytic index between nonsmokers and smokers in the presence of anti-MERTK (P . 0.5 and P . 0.2 respectively; Table 5 and Figure 7C ).
Soluble MERTK in Bronchoalveolar Fluid
The recent novel finding of a cleaved form of the MERTK receptor (soluble MER) in human and cell lines which binds to Gas6 ligand and prevents apoptotic cell engulfment (38) may serve as a potential mechanism as to why there is a decrease in phagocytosis of dying cells in the AMs of smokers. With this observation, it would be expected that smokers and individuals with COPD would have an abundance of the cleaved receptor in the local lung milieu and thus we evaluated human bronchoalveolar fluid for soluble MER. The data demonstrate that soluble MER/Gas6 complex is present in human bronchoalveolar fluid, but there is no significant difference between smokers (n 5 4) and nonsmokers (n 5 4) (P . 0.1; Figure 8 ).
DISCUSSION
Mononuclear phagocytes play an important role in clearing apoptotic cells, with the mononuclear phagocyte recognizing apoptotic cells via an array of specific receptors on the phagocyte that interact with bridging molecules and apoptotic-specific ligands on the cells undergoing apoptosis (16, (18) (19) (20) (21) (22) (23) (24) 43) . The present study demonstrates that MERTK, an apoptotic cell surface removal receptor (3, 5, 44, 45) , is expressed on normal human AMs, and the expression of MERTK is markedly up-regulated on AMs of normal cigarette smokers, as demonstrated by mRNA analysis by microarray and TaqMan RT-PCR, and protein analysis with immunocytochemistry, Western analysis, and flow cytometry. In the context that smoking is associated with increased pulmonary cell turnover, the finding that expression of MERTK is up-regulated in normal smokers may reflect an attempt to enhance clearance of apoptotic cells in the lung burdened with the stress of smoking (17, 18, (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (46) (47) (48) .
Expression of MERTK on AMs
Of the 14 apoptotic removal receptors assessed by microarray analysis, 13 were observed to be expressed on AMs of both normal nonsmokers and normal smokers, including CR3 and 4, CD14, CD31, CD36, CD44, CD93, LRP, macrophage scavenger receptors 1, vitronectin receptor, phosphatidylserine receptor, oxidized low-density lipoprotein receptor 1, and MERTK (16, (18) (19) (20) (21) (22) (23) (24) 43) . Of these, CR3, CD14, CD31, CD36, CD44, LRP, vitronectin receptor, and the phosphatidylserine receptor have been previously observed to be expressed on human AMs (24, (49) (50) (51) (52) , and MERTK has been noted to be expressed on cultured blood monocytes, the cells from which AMs are derived (5) . In the present study, expression by MERTK by AMs was observed by microarray, TaqMan RT-PCR, immunocytochemistry, Western analysis, and flow cytometry.
MERTK, a member of the receptor tyrosine kinase family of cell surface receptors, is a 110-kD protein that consists of an extracellular domain with two N-terminal Ig-like and two membrane proximal fibronectin III regions, a transmembrane region, and an intracellular tyrosine kinase domain (3, 5, 44, 45) . In addition to its role in the clearance of apoptotic cells, as demonstrated in MERTK knockout mice and in individuals with retinitis pigmentosa who display mutations in the MERTK gene, MERTK is overexpressed in several human cancers, including mantle cell lymphoma, gastric cancer, and T-cell acute lymphoblastic leukemia (53) (54) (55) (56) . Despite the evidence from MERTK knockout mice and patients with retinitis pigmentosa that MERTK functions as an apoptotic cell removal receptor, in human cancers where MERTK is overexpressed, there appears to be suppressed apoptosis (55, 57) . MERTK may also have other functions, in that up-regulation of MERTK appears to lower the activation state of murine 32D myelomonocytic cells (58) , and, when MERTK knockout mice are challenged with LPS, peritoneal macrophages up-regulate NF-kB and are susceptible to endotoxic shock through up-regulation of tumor necrosis factor-a (59).
Relevance to the Response of the Lung to Cigarette Smoking
There is evidence that AMs from individuals with COPD and normal smokers ingest less apoptotic cells than normal nonsmokers (24) . Although there are a significant number of possibilities to explain this defect in the engulfment of apoptotic cells, an obvious mechanism may lie in the apoptotic cellligand-receptor interaction. The AM receptors are just one step in the pathway involved in apoptotic cell clearance and, although their redundancy allows this process to be efficient, it is a potential site where a defect can lead to a dysregulated inflammatory response and ultimately result in COPD. This intriguing finding of an up-regulation in a receptor known to be involved in the clearance of apoptotic cells in smokers suggests that it plays a critical role in this pathway. In order to further investigate the function of MERTK, we performed blocking experiments and found that phagocytosis of apoptotic cells is indeed further reduced, indicating that, in fact, the receptor is working. Interestingly, when AMs from normal nonsmokers and normal smokers were blocked with anti-MERTK antibody, their ability to phagocytose apoptotic cells did not differ significantly. This observation may signify that MERTK plays a more significant role than the other receptors, or that it may be one of the last apoptotic cell removal receptors to be affected by smoking before disease occurs. Therefore, up-regulation of MERTK in AMs of normal cigarette smokers may represent a response of the lung to the stress of smoking with an attendant increased parenchymal cell turnover and an increase in the number of apoptotic cells (18, 20, 23, 27-29, 31-33, 60) . However, as demonstrated by Hodge and colleagues (16, 24) , the clearance of apoptotic cells appears to be defective in normal smokers and given that MERTK expression is significantly up-regulated, it must be that the system is overwhelmed by other processes and this results in the integrated consequence of overall smoking-induced dysfunction of the apoptotic clearance pathway of AMs.
Implications of MERTK in COPD
In all likelihood, the pathway involved in the phagocytosis of apoptotic cells is complex, and MERTK is just one of the many molecules that play a critical role. It would be intriguing to see if knockout mice have any lung pathology at baseline, and if it is made worse with exposure to tobacco smoke. In our study we observed that individuals with COPD (GOLD I/II, smokers) had an up-regulation of MERTK gene expression at the mRNA and protein level. Future studies will need to investigate the modulation of the inflammatory response with regard to MERTK and specifically look at how this receptor functions in smokers with COPD GOLD III/IV and emphysema. Figure 7 for examples. † Phagocytic index defined as % phagocytosis of apoptotic cells x mean fluorescence intensity. All data are mean 6 SE. 
